INTRODUCTION
An epileptic seizure is defined as a transient occurrence of signs and/or symptoms due to abnormal excessive or synchronous neuronal activity in the brain. 1 Epilepsy is a chronic neurological condition characterized by recurrent epileptic seizures. 2 Seizures can be focal in onset (with or without secondary generalization) or they can be primarily generalized (i.e., idiopathic). 3, 4 Focal onset seizures may either be associated with impaired awareness (complex partial seizures) or without impaired awareness (simple partial seizures). Epilepsy is the fourth most common neurological disorder in the United States, with approximately 150,000 new cases each year. 5 One out of every 26 individuals will develop epilepsy at some point in their lifetime. Thus, epilepsy poses a significant burden on patients, their families, and the health care system.
The purpose of this chapter is to review the intricate relationship between sleep and epilepsy, with a special focus on the impact of sleep on seizure timing and frequency. Understanding this relationship is an important step toward successful evaluation and management of patients with epilepsy. between 7 p.m. and 11 p.m. Only 19% of temporal lobe seizures occurred during sleep, compared to 41% of those originating from nontemporal regions. Similar circadian patterns were observed in the outpatient setting using ambulatory EEG measurements.
O U T L I N E
14 Frontal lobe seizures were most frequent between 12 a.m. and 12 p.m., whereas temporal lobe seizures had the highest incidence between 12 p.m. and 12 a.m. Frontal lobe seizures typically clustered around 6:30 a.m., and temporal lobe seizures around 8:50 p.m. Invasive intracranial EEG recordings have also documented a tendency for parietal seizures to be nocturnal, while temporal and occipital seizures are more likely to occur in the afternoon. 15, 16 Seizures during sleep may be more likely to propagate. One-third of complex partial seizures during sleep progress to secondary generalization, compared to only one-fifth during wakefulness. 9, 11 Complex partial seizures that arise from the frontal lobe are an exception, and approximately one-fifth of these seizures secondarily generalize during both sleep and wakefulness. In contrast, 45% of complex partial seizures originating from the temporal lobe secondarily generalize during sleep, compared to 19% during wakefulness, though interpretation of comparative data must account for ascertainment bias due to subtle nocturnal seizures.
Certain sleep stages are more susceptible to seizures, especially temporal lobe seizures, which are more prevalent during stages 1 and 2 sleep, rare during slow wave sleep, and rare or absent during REM 9, 11, 17, 18 ( Fig. 7 .1B). Furthermore, seizures are 3× more likely to begin during stage 2 (68%) than stage 1 (23%) of sleep. 9, 18 Seizures arising from slow wave sleep are significantly longer than those occurring during other stages of sleep or wakefulness. 11 Clinical findings that seizures are rare or absent during REM sleep are complemented by similar findings in animals studies. Increasing the duration of REM sleep raises the threshold for seizures (i.e., electrical stimulation at higher current is needed to provoke seizures). 19 This effect extends to other stages of the sleep-wake cycle, suggesting that REM sleep may have long-term protective effects against cortical hyperexcitability and seizures.
The great majority of seizures originating from the mesial temporal lobes (and starting during stage 2 of sleep) are followed by arousals, though in some cases a seizure can occur after an arousal. 17 Time to arousal is shorter for left temporal lobe seizures. 20 The seizure's lobe of origin can also affect sleep characteristics. In a study of patients undergoing inpatient video EEG telemetry, the sleep efficiency index was lower in temporal lobe (0.84) epilepsy patients than it was in those with frontal lobe seizures (0.94), 12 however there were no significant differences in sleep architecture between the temporal and frontal lobe epilepsy patients.
Certain epilepsy syndromes also follow strong circadian patterns. Seizures in juvenile myoclonic epilepsy typically occur early in the morning or shortly after awakening. 21 Seizures related to autosomal dominant nocturnal frontal lobe epilepsy [22] [23] [24] and electrical status epilepticus in sleep 25, 26 occur only during sleep. Seizures associated with benign partial epilepsy with centrotemporal spikes 27, 28 and Panayiotopoulos syndrome 29 usually emerge from sleep.
Interictal Discharges
Epileptiform interictal discharges also follow a circadian pattern, and are more frequent during sleep 30, 31 ( Fig. 7.2 ). An older study by Gibbs reported that 82% of spikes occurred in sleep and only 36% during wakefulness. 32 In another study, 57% of patients had more interictal discharges during sleep. 33 About one third of patients with refractory temporal lobe epilepsy may have epileptiform discharges only in sleep. 30 Interictal discharges are most prevalent during slow wave sleep, but less likely to occur in REM sleep. 34 This is in contrast to an older study by White et al. that reported more prominent interictal abnormalities during lighter stages of sleep. 35 The scarcity of abnormal interictal activity during REM sleep is also seen in childhood epileptic syndromes, such as those of West, 36, 37 Landau-Kleffner, 38 and Lennox-Gastaut. 39 Although interictal discharges are less prevalent in REM sleep, when they are present they carry more localizing value for the seizure focus. 40 
SLEEP DEPRIVATION Seizures
It has been demonstrated in animal models that sleep deprivation can increase susceptibility to seizures. 41, 42 This observation is nothing new. The importance of adequate sleep on seizure control was recognized centuries ago by Hippocrates, 43 and multiple investigations have consistently substantiated this observation. In an observational study of more than 3000 patients starting in 1946, Janz reported that approximately 60% of seizures occurring upon awakening were precipitated by sleep deprivation. 10 Untimely awakening was identified as a trigger in close to 40% of cases (other less prevalent precipitating factors included menses, alcohol, overexertion, high temperatures, infection, and emotional shock). Sleep deprivation was an important precipitating factor for generalized convulsions, 44 as has been demonstrated in military populations. 45, 46 Sleep deprivation may not necessarily be the precipitating factor for seizures in every study population, and its role may depend on multiple factors including epilepsy type and seizure lobe of origin. 47 In some settings, stress is ranked as a more important precipitating factor. Sleep deprivation is particularly deleterious for older patients, patients with idiopathic partial or generalized epilepsy, and patients with temporal lobe seizures. Increasing the duration of sleep deprivation increases the likelihood of seizure occurrence, with the greatest risk occurring in those sleep deprived more than 37 h. 46 In addition, seizure risk is highest within the first 48 h of sleep deprivation. 48 This suggests that the impact of sleep deprivation on seizures has a temporally cumulative effect. In a systematic study of sleep duration and seizure frequency in temporal lobe epilepsy, sleep deprivation was associated with an approximately 6 times increase in the probability of seizures. 49 Interestingly, oversleeping increased the probability of seizures three-fold in these patients. These findings imply that any disturbance in sleep duration can precipitate seizures, though sleep restriction is the most deleterious.
Sleep deprivation is often used as a provocative maneuver for increasing the likelihood of seizures so that video-EEG monitoring can be performed in a reasonable time frame. However, as mentioned earlier, sleep deprivation often occurs in conjunction with other factors, such as psychological or emotional stress, physical stress, exhaustion or fatigue, heat, dehydration, menses, and alcohol use. This arguably raises the possibility that sleep deprivation alone may not be sufficient to trigger seizures, and multiple simultaneous factors must be present over time. Alternatively, sleep deprivation itself may be a secondary result of these other factors (or stressors) and not always the precipitant.
This question was partially addressed by a study of 84 patients with medically refractory complex partial seizures with secondary generalization undergoing inpatient video-EEG monitoring. 50 In this study, a subgroup of patients did not sleep from 10 p.m. to 6 a.m. every other day. This subgroup and the other remaining patients were awake from 6 a.m. to 10 p.m. Overall study duration was comparable between the two groups, as was the reduction in antiseizure medications. The mean number of complex partial seizures per day was similar for the sleep deprived (0.52) and normal sleep (0.53) groups. Paradoxically, the rate of secondarily generalized seizures was slightly higher (0.21) in the normal sleep group as opposed to the sleep deprived group (0.14), though this difference was not statistically significant.
This data has two implications. One, sleep deprivation alone may not be sufficient to increase seizure frequency. Inpatient video-EEG telemetry units may be relatively low stress environments. Conclusions based on the study's data should be limited since sleep deprivation was not chronic or cumulative and only 24 h at a time. Two, using sleep deprivation may have questionable utility for provoking seizures, especially given that this maneuver may promote adverse mood changes in patients. 51 In turn, this may negatively impact patients' quality of the experience, potentially prompting them to shorten their inpatient stay before video-EEG monitoring could be completed.
Interictal Discharges
Sleep deprivation has an activating effect on interictal discharges, similar to its effect on seizures. [52] [53] [54] [55] An older study showed that 34% of patients with a clinical diagnosis of epilepsy and normal (or borderline) nonsleep deprived EEGs had clear epileptiform activity after sleep deprivation. 56 This is similar for men and women. About one-third of patients who demonstrated activation after sleep deprivation were not on antiseizure medication. In contrast, about one-half of the patients who did not have activation were taking antiseizure medications. This suggests that antiseizure medications may reduce the likelihood of capturing epileptiform discharges in the setting of sleep deprivation. Sleep deprivation also increased the amount of EEG abnormalities in 56% of patients with abnormal baseline EEGs. The probability of capturing epileptiform abnormalities does not seem to be influenced by the clinical seizure types or etiologies. 57 The increased likelihood of epileptiform discharges due to sleep deprivation is thought to be independent of activation related to sleep itself. 58 In fact, there is evidence to suggest that sleep deprivation is more effective for activating epileptiform discharges than sleep itself. 59 The impact of sleep deprivation on seizures and epileptiform discharges has also prompted some interesting work on cortical excitability. In humans, much of this effort has utilized transcranial magnetic stimulation (TMS). This technology has facilitated noninvasive quantification of cortical excitability, often based on activity of the motor system. 60, 61 In normal individuals, TMS results in decreased cortical inhibition as well as decreased facilitation (i.e., decreased excitation) in the setting of sleep deprivation. 62 A change in the inhibition-facilitation balance may have an overall activating (net excitation) effect. In epilepsy patients, sleep deprivation increases cortical excitability in newly diagnosed, but untreated, idiopathic generalized epilepsy. 63 The decrease in cortical inhibition and increase in facilitation (hence, increased excitability) is also associated with increased paroxysmal activity and sleep deprivation. 64 Patients with focal onset seizures-newly diagnosed but untreated-typically demonstrate increased cortical excitability on the same side of the seizure origin. 63 However, the increase in excitability is more pronounced in patients with idiopathic generalized epilepsy. There is also a concurrent increase in the prevalence of interictal discharges with sleep deprivation, suggesting that interictal discharges are themselves a marker of cortical excitability. Patterns of cortical excitability may be less consistent in the absence of sleep deprivation. About one third of patients with drug-naïve focal onset seizures demonstrate impaired cortical inhibition, which also seems related to more severe interictal abnormalities. 65 The remaining twothirds have cortical inhibitions comparable to normal controls.
SLEEP RELATED DISORDERS
Epilepsy is greatly influenced by sleep-disorders. Obstructive sleep apnea (OSA) has been studied extensively in epilepsy patients, and is of particular interest for two reasons. One, the arousals and fragmentation of sleep resulting from apneas, hypopneas, and hypoxia prevent restorative sleep. This effectively leads to chronic sleep deprivation, which by itself may increase the likelihood of seizure occurrence. Two, it is reasonable to postulate that the hypoxia associated with hypopneas or apneas may be a trigger for seizures. Thus, it is incumbent on the neurologist to screen every patient with epilepsy for OSA.
In the general adult population, OSA has an estimated prevalence of 3-7%. 66 However, estimates as high as 24% in men and 9% in women are reported 67 (Table 7 .1). Prevalence can be as high as 11% in children, depending on the study. 68 In addition, OSA is much more common in patients with epilepsy than it is in the general population. One-third of those with medically refractory seizures are diagnosed with OSA, 69, 70 and 13% with severe OSA. 69 Higher estimates have also been reported. 71, 72 However, it is important to note that selection bias based on pretest suspicion of OSA may artificially elevate the prevalence of OSA in these populations. Prevalence rates as low as 10% have been reported in some populations with epilepsy, with the great majority of cases still being mild to moderate in severity. 73 OSA is more common in men than women with epilepsy, as it is in the general population. 73 In children with epilepsy, the prevalence of OSA based on polysomnography (PSG) can be as high as 65%. 74, 75 In addition, central sleep apnea (CSA) and complex sleep apnea (CompSA) have also been studied in epilepsy patients. One retrospective study found CSA in 3.7% and CompSA in 7.9% of patients based on PSG. 71 In that study, OSA was very common, with a prevalence of 75%. Focal seizures were more common in patients with CSA. Another study demonstrated that patients with temporal lobe epilepsy are at a higher risk of sleep apnea than those with nontemporal lobe epilepsy, based on a screening questionnaire. 76 OSA has also been implicated as an exacerbating factor for seizures. Higher seizure frequency is associated with a higher likelihood of OSA, 77 though this does not necessarily suggest a casual relationship. A common underlying process may be driving seizure frequency but also OSA risk. Some investigators have attempted to determine whether apneas directly trigger seizures. In one cross-sectional study, Chihorek compared the prevalence of OSA in 2 groups of patients with epilepsy. 78 Group 1 included patients with seizure onset at age 50 or older or seizure onset before age 50 with increased seizure frequency at or after age 50, defined by a 20% or greater increase in seizure frequency over the preceding 3 months. Group 2 included patients with seizure onset before age 50 with stable or improved seizure frequency at or after age 50. All patients underwent PSG for evaluation of OSA. Patients in group 1 had a greater apnea-hypopnea index (AHI, average in this group of 23.2). In contrast, patients in the younger group had an AHI of 3.1, which is considered normal. This led the authors to conclude that OSA may contribute to worsening seizure control. However, the late-life-onset seizure group did have 4 times as many men as women, which is a potential confounding variable.
There is also evidence to support the converse relationship, that epilepsy increases the risk of OSA. One case study demonstrated resolution of OSA after a left premotor frontal resection, which could not be attributed to other factors. 79 The resection was associated with marked reduction in spikes, suggesting that interictal discharges may impair upper airway control. Seizures are also directly implicated as a source of central apneas. [80] [81] [82] The correlation between seizures and airway control has been suggested as a potential factor in sudden unexpected death in epilepsy. 83, 84 Epilepsy patients with OSA are more likely to have seizures during sleep, 69 suggesting a more direct link between respiratory disturbance and seizures. In fact, a direct temporal relationship between OSA and seizures was reported in a patient with predominantly nocturnal seizures, 85 in whom 6 out of 12 seizures occurred during wakefulness immediately or shortly after an OSA-related arousal. Another seizure occurred during an OSA event without any associated arousals or K-complexes. The apneas were not necessarily associated with hypoxia, suggesting that sleep-wake transitions prompted by an OSA event may be a trigger and not the hypoxia itself. At baseline, the patient also had left temporal epileptiform discharges. However, some instances of OSA and related arousals were associated with generalized spike-wave discharges that seemed to begin on the left before spreading to the right. This implies that OSA events may promote rapid bilateral synchrony of focal epileptiform discharges. Seizures (and the generalized epileptiform discharges) greatly improved with initiation of continuous positive airway pressure (CPAP) therapy in this patient. Another case report also demonstrated a stereotyped temporal relation between seizures and CSA, 86 in which seizures followed the apnea events but preceded arousal. This patient's seizures also improved with positive airway pressure therapy. One case demonstrated severe oxygen desaturation associated with CSA as the trigger for seizures, also with resolution of seizures after initiation of CPAP and weaning off all antiseizure medications. 87 The benefits of treating OSA to improve seizure control have been demonstrated consistently across multiple studies in larger populations. The response is often quite remarkable, regardless of changes to antiepileptic medications. [88] [89] [90] In a retrospective study of 41 patients, Vendrame compared seizure frequency in patients who were compliant with CPAP therapy (n = 28) to those who were not (n = 13; <21 days per month, and <4 h per day of CPAP use). 91 Participants were followed for at least 6 months. In the compliant group, seizure frequency decreased on average from 1.8 to 1.0 per month, whereas in the noncompliant group seizure frequency decreased from 2.1 to 1.8. Furthermore, 57% of the compliant group became seizure-free, compared to 23% of the noncompliant group. Overall, the odds of improved seizure control can increase 10-fold with CPAP. 92 Even with medically refractory epilepsies, CPAP therapy can improve seizure control in up to 100% of cases, and sometimes can lead to seizure freedom. 77 A randomized pilot trial of 35 subjects found at least a 50% reduction in seizures in 28% of participants in the therapeutic group, as opposed to 15% in the Sham group. 93 However, this difference was not statistically significant, which may be attributed to the small sample size and exclusion of subjects with severe OSA. Treatment of OSA in children also results in marked reduction in seizure frequency. 94 CPAP therapy reduces rates of abnormal interictal discharges. 95 Spike rate reductions during sleep (around 78%) can be as great as that of wakefulness (around 39%) with CPAP use. 96 AHI also correlates with spike rates during sleep (but not wakefulness); that is, more severe OSA is associated with more prevalent spikes. Sleep continuity and the amount of oxygen desaturation do not seem to correlate with spike rates, though this finding may be confounded by the small patient population.
The markedly reduced seizure frequency and interictal discharges with CPAP therapy support the notion that sleep fragmentation caused by OSA may be contributing to epileptogenicity. This finding, along with the relatively high prevalence OSA in epilepsy patients, strongly warrants screening this patient population for OSA, and treating when appropriate.
CONCLUSIONS
Epilepsy is a relatively common neurological disorder, and knowledge of its relationship to sleep is an important step toward better understanding, evaluation, and treatment of seizures. Seizures generally follow strong circadian patterns. Nocturnal seizures are most likely to occur during stage 2 of sleep, and REM sleep tends to have a protective effect against seizures. Sleep deprivation is a major trigger for seizures. Interictal epileptiform discharges demonstrate circadian patterns similar to those of seizures, and discharges are activated by sleep deprivation. Sleep apnea is very common in epilepsy patients and its treatment can significantly improve seizure control.
FUTURE DIRECTIONS
Despite a substantial body of literature about sleep and epilepsy, many questions remain unanswered. What is the impact of sleep and sleep related disorders on seizures during pregnancy? Does the recurrent hypoxia due to sleep apnea over many years lead to cortical injury, in turn resulting in epilepsy? Does treatment of other sleep fragmenting disorders, such as periodic leg movements, also improve seizure control? Does treatment of sleep apnea reduce risk of SUDEP? Addressing these topics would certainly lead to new and exciting answers but they would also lead to many new questions.
